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THEAPPLICATION OFTESTS OF RESPIRATORY PHYSIOLOGY
FOR THE CLINICAL EVALUATION OF
PULMONARY PATHOLOGY*
WILLIAM E. BLOOMER
In view of certain recent developments in the measurement of lung
function, it has seemed appropriate to attempt a review of these at
this time.
For the sake of convenience the function of the lungs may be
divided into (1) ventilatory and (2) respiratory. The ventilatory func-
tion has to do with the mechanical moving of air in and out of the
lungs, while the respiratory function deals with the diffusion of gases
between the alveoli and the blood stream. We will consider these two
divisionsoffunctionseparately andwillfinallyconsiderhowtheymaybe
affected by certain changes in cardiovascular physiology.
Apparatus
First it may be well to review briefly the apparatus available for
measurement of pulmonary function. For measurement of the lung
volume or the ventilatory exchange various types of spirometer have
been employed. The Roth-Benedict spirometer is the one most com-
monly available, for it is the type often used for BMR determinations.
It is equipped with a soda-lime container for the removal of CO2.
Another type, the Tissot spirometer, is an inverted can with a water-
seal, constructed on the same principle as is the Roth-Benedict, except
that it does not have the CO2 "scrubber." It is therefore used primarily
for thecollecting ofexhaled air or as a source of inspired air, where this
is not rebreathed into the container. A third, the Krogh spirometer, is
built in the form of a box-like container that pivots on a knife-blade
and may therefore offer less friction in tests requiring a high degree of
sensitivity. A kymograph is usually used in conjunction with these
spirometers so that measurements may later be calculated from a cali-
brated graphic record. Still another method for measuring lung volume
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and ventilatory exchange incorporates the use of a Douglas bag and a
modified gas meter. This apparatus has the advantage of being easily
carried about and offers a convenient way by which walking ventilatory
requirements may be checked.
For the measurement of the relative gas concentrations in expired
air the Henderson-Haldane gas analysis apparatus may be obtained. In
principle, this apparatus consists of a calibrated glass tube held in a
water jacket. The lowerendofthetube isconnected with a leveling bulb
of mercury. The upper end, through a triple stopcock, may be made to
connect with an attached sampling tube, a container of KOH, or a
container of pyrogallol. After a given sample is introduced into the
measuring tube, it is washed back and forth into the KOH until a
constant residual volume indicates that all of the CO2 has been removed.
The remaining gas can then in like manner be washed back and forth
into the pyrogallol until all the 02 has been removed. The final residual
volume then represents the nitrogen component. A modification of this
method that makes for much faster analyses is the substitution of
Krogh's oxygen-absorbing solution for the pyrogallol. This consists of
16 gm. of sodium hydrosulfite, 14 gm. of potassium hydroxide, 3 gm.
of sodium anthraquinone-beta-sulfonate plus a small crystal of ferric
chloride, and the solution is made up to 100 cc. with water.
Recently a microdetermination method has been described by
Scholander46 which is reported to permit the determination of carbon
dioxide, oxygen, and nitrogen in 0.5 cc. of respiratory gases with an
accuracy of ± 0.015 volume per cent. A given analysis is said to require
only from 6 to 8 minutes.
For the measurement of the gas concentrations in the blood the
Van Slyke manometric apparatus may be used. This, in principle, con-
sists of acalibrated container connected at the lower end with a mercury
manometer and a leveling bulb. By this means, after blood is placed in
the container, it may be subjected to a considerable negative pressure by
lowering the leveling bulb. When the blood is subjected to appropriate
negative pressures and shaken by an attached electric motor, the gases
are evacuated from the solution. Suitable reagents may then be run
into the container so as to absorb first the CO2 and later the 02. The
manometric changes following complete absorption of each gas may
be converted into terms of volume per cent of the gas present. For
further details of these classical methods the reader is referred to Peters
and VanSlyke.4"
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In 1943 Roughton and Scholander" described a "syringe-capillary"
method for the microdetermination of blood oxygen. In their method
only 40 cu. mm. of blood are required and they report that an accuracy
of 0.15 to 0.20 volume per cent may be attained with this procedure
which requires only about ten minutes for the performance of one
determination.
A more convenient and faster method for estimating blood oxygen
concentration is possible through the' use of the oximeter devised by
Millikan.8" This apparatus measures hemoglobin oxygen by recording
the amount of reduced hemoglobin flowing through the ear lobule.
Hemingway andTaylor2" have compared the oximetry method with the
Van Slyke method and have found agreement within + 5 per cent for
values of oxygen saturation as low as 60 per cent.
This, then, comprises the basic equipment for use in tests of
pulmonary function. Certain additional items will be considered in
the discussion of special tests.
Ventilatory measurements
Lung volume determinations have been found useful in recognizing
certain pathological conditions. The nomenclature of the subdivision of
lung volume has varied with different investigators. That which appears
to have received most widespread acceptance is indicated in figure 1.
Thus the equilibrium base line,may be taken as the volume of air in
the lungs while at rest after a passive expiration. This volume is the
sum of a reserve volume, which may be expired with a maximal ex-
piratory effort, plus a "residual" volume which still remains. The
volume of air taken in with each breath during quiet, resting breathing,
is called the "tidal" volume. The greatest amount which can be inhaled,
starting from the equilibrium level, is the complemental volume, and
the greatest amount which can be exhaled after such an inspiration is
thevital capacity. From this it is to be noted that with a relative increase
in the residual capacity, the vital capacity must show a similar change
inversely, provided total volume remains the same.
Vital capacity: Since vital capacity is one of the easiest of these lung
volumes to study, itis notsurprising that as early as 1846,25 considerable138 YALE JOURNAL OF BIOLOGY AND MEDICINE
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FIG. 1. The subdivisions of pulmonary volume and their nomenclature.
(TakenfromBirath').
statistics had been gathered in regard to the normal standards for
this measurement. The more important factors that effect the vita
capacity of persons in good health have long been recognized to include
the amount of physical training, type of occupation, race, sex, age, and
obesity. Since vital capacity is considerably lower in females than in
males, separate tables of normal standards are to be found for the tWQ
sexes. Also age has an interesting effect. The effect of age on vital
capacity was studied by Hutchinson and by many workers since. In
figure 2 is shown a diagram taken from Bowen and Platt8 indicatingRESPIRATORY PHYSIOLOGY AND PULMONARY PATHOLOGY 139
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FIG 2. Chart taken from Bowen and Platts showing change in 15 per cent or more be-
vital capacity with M. lowthe normal (accord-
ing to standard tables
based on body weight or surface area) "should be most carefully ex-
amined for disease conditions interfering directly or indirectly with
functions of the heart or lungs." But he observed that there remained
a small group of persons with low vital capacities in whom no cause
had been found. After a study of "1000 consecutive adult patients who
came for surgical treatment to the Mayo Clinic, irrespective of age,
occupation, sex, stature, degree of physical fitness or walk of life,"
Moersch,37 found that a sufficient number of this heterogeneous group
had a vital capacity below 85 per cent of normal to warrant the con-YALE JOURNAL OF BIOLOGY AND MEDICINE
clusion that this could not be considered as a definite indication of
pathology in all cases. Table 1, taken from his paper, indicates the
TABLE 1
Males Females
A_ A
Percent Per cent Per cent Per cens
Nxm- above Num- below Nxm- above Num- below
Disease ber normal ber normal ber normal per normal
Adenoma of thyroid.7 12.4 5 11.2 19 6.5 53 19.5
Appendicitis .28 14.0 12 9.2 20 10.0 38 15.5
Carcinoma of stomach . 11 9.3 9 10.2 1 2.0 6 20.0
Carcinoma of bowel .17 11.4 9 15.0 2 5.0 4 19.8
Carcinoma of head and neck.... 2 21.0 6 8.7 .... ...... .... ......
Carcinoma of breast and all
other tumors of breast 1 10.0 1 14.0 13 10.0 28 16.9
Carcinoma of uterus ............ .... ...... .... ...... 3 10.0 8 14.6
Carcinoma, miscellaneous 2 22.0 0 0.0 0 0.0 3 19.0
Cholecystitis .19 13.3 15 13.3 28 8.5 63 11.4
Duodenal ulcer .60 14.2 32 10.4 9 7.9 .11 14.0
Gastric ulcer .14 11.1 7 9.6 14 11.1 7 9.6
Hernia .22 16.0 16, 8.6 1 6.0 11 20.9
Abdominal tumor .3 5.6 1 3.7
Pelvic and abdominal tumors 24 10.3 40 14.4
Kidneyandbladder .20 13.5 30 12.7 2 3.0 11 16.3
Perineal and pelvic laceration ...... 23 9.3 56 14.1
Percentage variation in vital capacity above and below the calculated normal in various diseases.
(Taken from Moersch'T).
variation in vital capacity above and below the calculated normal in
various diseases. It is of interest, too, that his findings here bore out
those of others, in that diseases not affecting the cardiorespiratory ap-
paratus directly had little influence on vital capacity.
In 1933, Hurtado and Boller,22 in search of normal standards for
the vital capacity and other subdivisions of lung volume, collected the
most significant observations then to be found in the literature (46
determinations on male subjects), and in addition made determinations
of their own on 50 young healthy males. Two of their tables are
presented here in tables 2 and 3. Since then Birath2 has reported values
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TABLE 2
VALUES OF PULMONARY CAPACITY FROM THE UITERATURE
Absolute values
Standard Coefficient of
Pulmonary capacity Mean deviation variation Variations
liters liters per cent liters
Total capacity ................ 5.98 1.12 18.7 3.25-8.22
Vital capacity ................ 4.46 0.87 19.5 2.31-5.95
Complementary air ........ 2.60 0.63 24.2 1.61-3.95
Reserve air ................ 1.98 0.51 25.7 0.70-2.92
Mid capacityt ................ 3.70 0.66 17.8 2.23-5.08
Residual air ................ 1.50 0.33 22.0 0.87-2.48
Relative values (Total capacity = 100 per cent)
per cent per cent per cent per cent
Vital capacity ................ 75.14.2 5.6 60-84
Complementary air ........ 40.6 4.9 12.0 26-48
Reserve air ................ 30.0 6.2 20.6 15-40
Mid capacity ................ 60.7 4.0 6.6. 52-69
Residual air ................ 25.3 4.3 17.0 16-40
Relative values (Vital capacity = 100 per cent)
per cent per cent percent per cent
Complementary air ........ 56.7 5.9 10.4 4469
Reserve air ................. 44.0 5.9 13.4 31-56
Mid capacity ................. 81.2 8.7 10.7 63-97
Residual air ................. 34.2 11.0 32.1 19-66
* Summary of 46 determinations made on male subjects collected from Lundsgaard
and Van Slyke, Lundsgaard and Schierbeck, from Binger, and from Anthony.
t Volume of air in the lungs mid-way between a normal expiration and inspiration.
A compilation of values of pulmonary capacity. (Taken from Hurtado and Boller.)
TABLE 3
DETERMINATIONS OF PULMONARY CAPACITY IN 50 HEALTHY MALES
Absolute values
Coefficient
Pulmonary capacity Mean Standard of Variations
deviation vaiation
liters liters per cent iters
Total capacity ................ 6.13±0.08* 0.82±0.06 13.3 4.42-7.86
Vital capacity ................ 4.78+0.06 0.59±0.04 12.3 3.40-5.85
Complementry air ........ 3.79±0.05 0.52±0.04 13.7 2.41-4.93
Reserve air ................ 0.98±0.02 0.26±0.02 26.5 0.26-1.58
Mid caPacity ................ 2.34±0.05 0.49+0.03 20.9 1.09-3.38
Residual air ................. 1.36±+0.04 0.38±0.03 27.9 0.81-2.16
Relative values (Total capacity = 100 percent)
per cent per cent per cent per cent
Vital capacity ................. 78.0+0.41 4.3±0.29 5.5 68.4-85.5
Complementary air ........ 61.9±0.51 5.3±0.36 8.5 51.7-78.9
Reserve air ................. 16.2±0.39 4.1±+0.28 25.3 5.0-30.3
Mid capacity ................. 37.9±0.75 7.9±0.53 20.6 21.0-50.3
Residual air ................. 22.0±0.41 4.3±0.29 19.5 14.5-31.6
Relativevalues (Vital capacity = 100 per cent)
per cent per cent per cent per cent
Complementary air ........ 79.4±+0.50 5.2±+0.35 6.5 63.1-94.1
Reserve air ................. 20.6±0.52 5.4±0.36 26.2 5.9-36.9
Mid capacity ................. 49.1±0.85 8.9+0.60 18.1 25.0-70.4
Residual air ................. 28.2±0.70 7.3±0.49 25.8 16.9-46.0
Probable error.
Absolute values for pulmonary capacity. (Taken from Hurtado and Boller.¶)142 YALE JOURNAL OF BIOLOGY AND MEDICINE
for both males and females as shown in tables 4 and 5. Hurtado and
Boller found that there were wide variations in the absolute values for
total pulmonary capacity and its subdivisions-so wide that it seemed
TABLE 4
ABSOLUTE AND RELATIVE VALUES OF THE PULMONARY CAPACITIES IN 16
NORMAL MALES (FROM BIRATI-)
IReldvse
Absolutevalues calto
liters (370, moist) thetoeta
_______ ______ ___________ ~~~~~~~~capacity
Equi- Resid- Eqai- Resid-
libr. ua Vital Total libr. u
Age Height Weighb cpac- capac- cpac- capac- capac- capac-
Case years cm. kg. ity Bty sty 2tL sty ity
G. E. 33 178 71 3.90 1.70 5.59 7.29 53.5 23.3
L. L. 28 180 75 3.74 1.67 5.37 7.04 53.1 23.7
0. E. 20 183 75 3.72 1.64 5.39 7.03 52.9 23.3
]J. 25 180 71 3.66 1.80 5.05 6.85 53.4 26.3
N. V. 27 177 67 3.55 1.34 5.04 6.38 55.6 21.0
S. Z. 30 174 70 3.45 1.80 5.89 7.69 44.9 23.4
B. P. 27 180 70 3.38 1.61 5.86 7.47 45.2 21.6
V. K. 32 170 62 3.25 1.30 4.63 5.93 54.8 21.9
M. A. 32 174 69 2.98 1.35 5.03 6.38 46.7 21.2
L. E. 25 171 70 2.91 0.96 5.27 6.23 46.7 15.4
J. A. 35 166 70 2.87 1.45 4.42 5.87 48.9 24.7
R. H. 39 172 73 2.77 1.48 5.06 6.54 42.3 22.6
P. B. 31 178 95 2.72 1.71 4.59 6.30 43.2 27.1
F. K. 35 183 86 2.68 1.44 4.60 6.04 44.4 23.8
N.E. 18 178 66 2.63 1.19 4.37 5.56 47.3 21.4
H.T. 32 180 91 2.60 1.40 5.05 6.45 40.3 21.7
Mean
± stand. error of the mean
Standard deviation
Coefficient of variation
Corrected for correlation.
3.18
±0.11
±0.45
14%
1.49
±+0.06
±f0.23
15%
5.08
±0.12
±0.48
9%
6.57
±0.15
±0.61
9%
48.4 22.7
±1.21 -±0.6
5.01 - 2.51
10% 11%
that they would be of little, if any, value for clinical application, for
the wide variations found would make it very difficult or impossible to
recognize moderate, though perhaps important, deviations in a given
case. They suggested, however, that a correlation between physical and
radiological characteristics might be found that would be useful in
single given cases. Later they found such a correlation.RESPIRATORY PHYSIOLOGY AND PULMONARY PATHOLOGY 143
TABLE 5
ABSOLUTE AND RELATIVE VALUES OF THE PULMONARY CAPACITIES IN 19
NORMAL FEMALES (FROM BIRATH2)
Relative
Absolute values values Per cent of liters (370, moist)the total
________ ________ ________ _______ ~capacity
Equi- Resid- Equi- Resid-
lihr. Mai Vit Total libr. ud
Case Age Height Weight capac- capac- capac- capac- capac- capac-
years cm. kg. ity ity ity ity ity ity
O.V. 31 169 66 3.20 1.61 4.476.08 52.6 26.5
H.E. 21 162 50 3.11 1.52 3.87 5.39 57.7 28.2
V.L. 36 161 55 2.74 1.28 3.86 5.14 53.3 24.9
C A. 26 162 62 2.55 1.34 3.73 5.07 50.3 26.4
E. S. 30 165 62 2.45 1.41 4.02 5.43 45.1 26.0
N. P. 38 165 67 2.45 1.61 3.65 5.26 46.6 30.6
N.J. 33 165 80 2.40 1.37 4.01 5.38 44.6 25.5
I. L. 22 160 49 2.39 1.27 3.42 4.69 51.0 27.1
T.A. 20 158 52 2.31 1.05 3.45 4.50 51.3 23.3
D.A. 32 168 66 2.24 1.31 3.37 4.68 47.9 28.0
D. U. 37 163 77 2.07 1.37 3.83 5.20 39.8 26.3
A. B. 39 155 51 2.04 1.00 3.04 4.04 50.5 24.8
N. B. 35 160 55 2.03 1.21 3.26 4.47 45.4 27.1
I.J. 26 162 51 1.95 1.02 2.86 3.88 50.3 26.3
I. 0. 26 155 52 1.89 1.07 3.19 4.26 44.4 25.1
I. S. 31 167 69 1.83 0.87 3.94 4.81 38.0 18.1
R.N. 30 168 87 1.66 1.15 3.85 5.00 33.2 23.0
C. L. 21 165 60 1.61 0.81 3.12 3.93 41.0 20.6
E. C. 36 153 68 1.32 0.83 2.91 3.74 35.3 22.2
Mean
± stand. error of the mean
Standard deviation
Coefficient of variation
' Corrected for correlation.
2.22
±0.11
+0.49
22%
1.22
+0.06
+0.25
20%
3.57
±0.10
±0.44
12%
4.79
±0.15
+0.63
13%
46.3
±1.41
±6.0
13%
25.5
+0.71
+2.81
11%
Of importance is the observation that vital capacity, residual air,
and mid-capacity fluctuate within well-defined limits, if expressed as
percentage of the total volume. Thus, capacities expressed in terms of
percentoftotalvolumeshould find betterclinical application than when
expressed as absolute values. These findings are illustrated in table 3
taken from their paper. It is to be noted that the vital capacity has a
mean value of 78.0 per cent ± 0.41 per cent of the total volume, withYALE JOURNAL OF BIOLOGY AND MEDICINE
a standard deviation of only 4.3 per cent and that all variations come
within 12 per cent of that mean value. On the basis of their findings,
Hurtado and Boller concluded that "if the vital capacity is less than 65
percentofthe totalvolume, or ifsimilarly the residual air is higher than
35 percent,an impairmentinthe alveolarventilation mustbesuspected."
Because of the marked variations in the absolute values for lung
capacity, Hurtado and Fray23 attempted to find some physical or x-ray
measurement of body characteristics that could be sufficiently correlated
with absolute values to make them useful clinically. They found very
poorcorrelation with external chestmeasurements, including calculation
of the "chest volume" according to the technic of Lundsgaard and Van
Slyke. But there was a rather good correlation with the "radiological
chestvolume," avalue determined bymultiplying the surface area of the
lung fields taken from postero-anterior x-ray films by the external
anteroposterior diameter of the chest. (Surface area was determined
with a wheel planimeter.) Thus they were able to conclude that "when
the total pulmonary capacity and its main subdivisions are calculated on
the basis of the 'radiological chest volume,' at maximum inspiration,
the following deviations in the observed values (as compared with the
calculated ones) are considered to be significant: A difference of over
15 per cent in the total pulmonary capacity and vital capacity; and of 30
per cent and 40 per cent in the mid-capacity and residual capacity
respectively." Also it was noted that when the ratio of the area at
maximum expiration:area at maximum inspiration exceeded 72 per
centthis was to be taken as an indication ofdeficient expansion.
Thus a method was introduced whereby observed spirometric values
of pulmonary capacity for a given case could be more accurately
evaluated in terms of normal by indicating specifically the range of
normal tobeexpected in ayounghealthymalewith agiven "radiological
chest volume."
Kaltreider, Fray, and Hyde28 went further with this method and
studied thecorrelations tobefoundwith this "radiological chestvolume"
and the capacity variations found in age groups up to 65 years in males.
They found that in the older age groups too, by use of their regression
formula,pulmonarycapacitycouldbepredictedwith areasonable degree
of accuracy. In normal males in the fifth and sixth decades a variation
from the predicted values of more than 20 per cent in the observed
total and vital capacities, and of more than 40 and 50 per cent in the
mid-capacity and residual air respectively was found to be beyond the
normal limits of variation. They also found that a residual air capacity
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inexcessof40percentofthetotalcapacityistobeconsideredsignificant,
of area atmaximum expiration
area at maximum inspiration x 100 exceeds
71 per cent and if rib movement from maximum expiration to inspira-
tion is less than 9 degrees, chest expansion is to be considered ab-
normally small.
As one might expect, the conditions wherein vital capacity is
reduced are those wherein one of the following mechanisms obtains:
(1) the available air space is encroached upon by some space-occupying
lesion, such as an exudate, tumor mass, or a diaphragmatic hernia; (2)
the mechanics of the chest wall or diaphragm are altered by some de-
formity or paralysis; (3) the elasticity of the lungs is decreased, as in
emphysema, inflammatory conditions, fibrosis, etc.; (4) the pleural
surfaces have become adherent following some pleuritic process; (5)
the distensibility of the lungs has been impaired, as in cardiac decom-
pensation, edema, bronchiolar spasm, fibrosis, etc.
As a diagnostic technic the vital capacity determination has not
proved so helpful as many of its early enthusiasts had hoped it might.
This has largely been on account of the wide range of normal for
absolute values and the lack of a base-line vital capacity in most
individual cases before the onset of the illness. It would seem that use of
the "radiological chest volume" and the regression formulae as pre-
sentedby the above-mentioned workers, would greatly add to the clinical
value of this test. Otherwise the vital capacity determination has its
most valuable use in the evaluation of the progress of a given patient
with pulmonary or cardiac disease. In fact, it is a sensitive test for be-
ginning compensation during the treatment of heart failure. It has been
found of use too in emphysema cases. Here the vital capacity is usually
considerably decreased. The bronchospastic element in this condition
may be evaluated by observing the change in the vital capacity follow-
ing the administration of epinephrine. That the vital capacity measure-
ment may be misleading in emphysema, however, has recently been
brought to attention by Goggio;`8 two equally dyspneic emphysematous
patients were found to have vital capacities of 4200 ml. and 1800 ml.,
respectively. The patient with the relatively normal vital capacity, how-
ever, required 20 seconds to exhale his vital capacity breath-some-
thing which would take a normal person approximately 1½2 seconds.
Thus vital capacity figures alone may give a poor idea of the severity of
theobstructive element. Also itisobvious that in pathological cases such
as these one cannotestimate the maximum minute ventilation by simplyYALE JOURNAL OF BIOLOGY AND MEDICINE
multiplying the vital capacity value by a given constant, as has been
done for normal young men;4049 the individual with diseased lungs
may be unable even to approach the "optimum" rate of breathing as-
sumed for such formulae.
Residualcapacity: Ithasalreadybeenpointed outthatrelative values
ofthesubdivisionsofpulmonarycapacityoften havemoresignificance in
a given case than do absolute values, where the range of normal is
likely to be more ill-defined. The ratio of residual air to total lung
volume is one of those which has been found increasingly significant.
It is to be noted that whereas in certain conditions (e.g., emphysema)
there may be marked inverse changes in the vital capacity and residual
capacity, with relatively little change in total lung volume, in other
conditions (e.g., pulmonary edema) there may be marked decreases in
both. An increasing interest has been evident in measurements of the
residual air.
That fraction of total lung volume known as residual air remains in
the lung after forced expiration and therefore cannot be measured by
direct spirometry. Gas-mixing technics have proved the most helpful
in measuring these capacities. Most popular of these are those of Van
Slyke and Binger, Anthony, and Christie. The Van Slyke-Binger method
works on the principle that if a mixture of hydrogen and nitrogen of
known concentration and volume is ventilated back and forth between
the spirometer and lungs until complete mixing has occurred, then
analyses of the final concentration of the hydrogen and nitrogen in
the mixture will yield figures from which the lung volume may be
calculated. Anthony's method works on a similar principle, except that
hydrogen alone is used as the mixing agent. In the Christie method
oxygen is used as the mixing agent and the amount of dilution with
nitrogen from the lungs is determined after adequate mixing. Proper
correction is made for oxygen absorption by the blood stream. In each
of these technics the total lungcapacity, equilibrium capacity, or residual
air may be determined by sampling the mixture when the chest is in
the appropriate state of expansion. Birath,2 however, has preferred to
determine residualcapacitybyfirstdeterminingequilibrium capacity and
subtracting the reserve air. His findings for absolute and relative values
are to be found in tables 4 and 5.
Predictions of total lung volume may be made from calculations
based on the "radiological chest volume." In young healthy males this
was found23 to have a correlation coefficient with total inspiratory
volumeof + 0.6366 ± 0.0566. The residual air was found to be in very
lowcorrelation with theseradiological measurements, however.
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In studying changes in lung volumes following resection of
bronchiectatic portions of lung, Lindskog83 found that resection was
often followed by an actual increase in total-lung volume and in vital
capacity. This was attributed to the improved ventilatory mechanics
exerted by a combination of the following factors: (1) the removal
of a poorly functioning, space-occupying portion of diseased lung with
subsequent compensatory expansion of the remaining lung tissue; (2)
increased distensibility and elasticity of adjacent areas of lung after
subsidence of the inflammatory response which had also involved them
because of their proximity to the original lesion; and (3) absence of
exudate in the trachea and bronchial tree.
Birath'sfindings2withrespecttochangesintotalvolume,equilibrium
volume, and residual capacity that may occur in certain conditions are
of interest. In cases of long-standing tuberculous infection he found a
tendency toward a diminution of the total capacity, an absolute increase
in residual capacity, but no absolute change in equilibrium capacity
(withtherefore arelative increaseinequilibriumcapacitywith respectto
total capacity). Pneumothorax produced no relative changes. In those
patients who were two to three months convalescent from a thora-
coplasty, there was an absolute decrease in total volume and- equilib-
rium capacity in the same proportion but with a relative increase in
residual capacity. Likewise in 11 patients who had had thoracoplastic
operations done ten years before, there was little change in mutual rela-
tions between volume fractions. In those cases one to two months con-
valescent from lobectomy or pneumonectomy the remaining-lung tissue
showed a marked rise in ventilatory volume. There was also a rise
residual capacity equilibrium capacity in the ratios .~ and . attributed total capacity total capacity
chiefly to reduction in thoracic mobility. Those patients who had had
their resections several years before showed further increase in total
volume and some decrease in the above-mentioned ratios.
Breathing capacity tests: Thus far we have considered certain
measurements of lung volume. These have their place, but they are
staticmeasurements. Wemayexpecttobe able toevaluate lung function
betterfrom tests thatactually.measure thecapacity tobreathe in terms of
volume of air that can be exchanged in agiven time. In instances where
irreversible thoracoplastic collapse procedures are contemplated these
tests are ofparticular value for the evaluation of those difficult "border-
line" cases where the question arises as to whether such an operation
might result in too much reduction in functional capacity and therebyYALE JOURNAL OF BIOLOGY AND MEDICINE
be permanently crippling. Such tests also have some value in predicting
immediate operative risks.
For the clinical evaluation of breathing capacities, the "breathing
requirement" for various states of activity is helpful. The breathing re-
quirement may be defined simply as the volume of air, in liters per
minute, that must be ventilated for any given state of activity. Thus
the"restingminutevolume" is the breathing requirement atrest, supine;
the "walking minutevolume" or"walkingventilation," that forwalking
at a certain standard rate.
Another useful determination is that of the "maximum breathing
capacity," sometimes called the "maximum minute volume." This was
formerly determined by subjecting the individual to strenuous exercise
and measuring his ventilatory rate when he reached a state of maximum
hyperpnea. Later carbon dioxide inhalations were substituted for ex-
ercise to secure the same results. Eventually voluntary hyperpnea at
the maximum rate possible was found not only to be less distressing
to the subject and more adaptable to use with sick patients but also to
give more dependable figures.10
Still another measurement which has found some use is that
of the "breathing reserve," i.e., the excess breathing capacity beyond
the actual ventilatory reqwrement in any given state of activity. Since
the maximum breathing capacity is fixed for any given individual
the breathing reserve varies inversely with the breathing requirement
and is usually expressed in terms of per cent of the maximum breathing
capacity. Cournand andRichards10 used astandard step-test to transform
breathing reserve . ratios into terms of clinical significance. maximum breathing capacity
After subjecting 105 consecutive cases to a standard exercise con-
sisting of stepping up and down a 20 cm. step 30 times in one
minute, they found no symptoms of dyspnea in any subject whose
breathing reserve . ratio was above 93 per cent. Varying maximum breathing capacity
degrees of dyspnea lasting up to 2 minutes were found in half of those
whose ratio was between 87 and 92 per cent, some evidence of dyspnea
in all those whose ratio was between 81 and 85 per cent, and dyspnea
for at least 2 minutes after termination of the exercise in all whose ratio
was below 80 per cent.
A walking ventilatory test similar in principle to the step test of
Cournand and Richards has been introduced by Warring5l who finds it
is easier for patients to perform and it more nearly duplicates the
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patients' normalexercise. From studies on 167 patients who had varying
amounts of tuberculous involvement, he found a range in the breathing
requirement for walking a standard distance of 720 feet in 4 minutes
(the actual test was done on the latter 3/4 of the walk) to be from 8 to
30 litersperminute. Forconvenience, thebreathingrequirement in liters
per minute for this standard walking exercise was called the "walking
ventilation." As may be seen from Fig. 3 taken from Warring's
paper, slight dyspnea was usually not complained of until the ratio
walking ventilation approached 0.30. When this ratio ex- maximum breathing capacity
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Warring. Here the examiner walks with the patient, carrying the
bag and setting the proper pace. Later the contents of the bag may be
measured in a spirometer or by means of a modified gas meter.5
breathingrequirement After the ratio of batim n .requin t is determined for maximum breathing capacity
a given patient, the next problem that arises is how much will a given
collapse procedure change the maximum breathing capacity? Schmidt
andGaubatz45oncepublishedsomefiguresbasedon 700 thoracoplasties,
wherein itwas concluded that an apical thoracoplasty might be expected
to reduce the maximum breathing capacity by as much as 15 per cent,
an "tupper" thoracoplasty upto 30 per cent, and a subtotal thoracoplasty
up to 40 per cent. The amount of function lost, however, depends to
a large extent on how much function has already been lost in a given
diseased lungand will therefore vary greatly with different cases.
In an attempt to find a more accurate method for predicting the
amount of functional loss to be expected from collapse therapy in a
given case, Cournand and Richards"1 made tests of lung volume and
breathing capacity, as well as tests of respiratory exchange and car-
diovascular function, before and after thoracoplasty in 31 cases, sub-
divided into the following five groups, depending on the type of dis-
ease and the type of preceding therapy (pneumothorax, phrenic
paralysis): (1) those cases with neither precedent artificial pneumo-
thorax or phrenic paralysis; (2) those with artificial pneumothorax
complicated by empyema; (3) those with a partial, ineffective pneumo-
thorax; (4) those with permanent phrenic paralysis; (5) those with
fibrothorax, large cavities in the upper half of the chest, marked con-
traction of the chest on one side, a high more or less immobile
diaphragm, emphysema of the opposite lung, and displacement of the
mediastinal structures.
In mostofthose cases studied by Cournand and Richards, by far the
greaterpartof loss ofpulmonary function existed prior to thoracoplasty
-even in those cases without previous collapse therapy. There was a
positivecorrelation between thenumberofribs resected and the amount
of loss in static pulmonary capacity, i.e., vital capacity and total lung
volume. But there was no consistent correlation between the number of
ribs resected and the change in dynamic ventilatory function, i.e., the
maximum breathing capacity. In certain cases, e.g., those with previous
permanentdiaphragmaticparalysis, theventilatory function was actually
improved. Tables 6 and 7 taken from Cournand and Richards' paper
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TABLE 6
LUNG VOLUME SUBDIVISIONS
Absolute values n liters and ratio VUSSScki X 7 00
Tota Vita Reidua ai
Num- caPacit7t capacityt Resida total cjpaci
be? Stand- Stand- Ssand- X 100
Group of ard ard ard Stand-
cases Mean devia- Mea* devia- Mea dense- ard tion $ion $io. Mean deeo-
Thoracoplasty
Group I before .............. 13 4.26 0.85 2.55 0.72 1.55 0.40 36.8 7.2
Group I after .3.20 0.92 1.92 0.76 1.13 0.24 36.6 6.4
Group II before.5 3.23 0.88 2.11 0.74 1.08 0.31 34.4 8.6
2.62 0.82 1.68 0.54 0.88 0.35 33.1 6.1
Group III before .
Group III after ............ 3 2.56 1.46 1.06 341.0 2.86 - 1.70 - 1.08 _ 38.1 -
Group IV after .......... 5 2.79 0.68 1.38 0.35 1.12 0.23 40.6 2.1 2.16 0.81 1.17 0.41 0.82 0.35 37.3 3.7
Group V after ...... 5 3.44 0.35 1.88 0.31 1.31 0.24 38.3 7.1 2.31 0.45 1.31 0.27 0.86 0.22 37.1 7.3
Phrenic paralysis .............. 8 2.91 0.67 1.54 0.41 1.11 0.21 38.8 3.9
Reexpanded artificial
pneumothorax .......... 11 3.78 0.62 2.35 0.43 1.30 0.33 34.1 4.6
* Volume of gas calculated at 370C., prevailing barometric pressure, and saturated
with water.
t Total capacity obtained by adding complementary air, reserve air, and residual air
measured separately.
$ Vital capacity as observed.
Absolute. values for lung volume.. subdivisions found by Cournand and Richards'
before and after thoracoplasty. (See text for description of the different groups.) (Taken
from Cournand and Richards.')
indicate the changes'in the measurements of static and dynamic ven-
tilatory function which they found'in the five above-mentioned groups.
They made the statement in their conclusion that "when the breathing
reserve is less than 85 per cent of the maximum breathing capacity,
'the possible advantages to be gained by thoracoplasty must be weighed152 YALE JOURNAL OF BIOLOGY AND MEDICINE
TABLE 7
Maximum breathing capacity its liters per minute
breathingreserve and ratu maximum breathing caPacity
a$reat
BreaStsgreset"u Maximum breahing RxoMaximumbreabmng X1l
Number ca#ait capacity Group of caes SMangX Mean Stadatd Mean St
Thoracoplasty
Group 1 before 13 53.8 17.0 86.8 5.0 Group I after 45.1 21.4 84.4 6.8
Group II before .......... 5 67.8 21.9 88.5 3.4
Group II after 67.2 23.0 88.7 3.4
Group III before ........ 3 38.5 84.8
Group III after 57.7 - 88.0
Group IV before ........ 5 44.0 19.1 80.6 6.3
Group IV after 43.4 16.3 84.5 3.0
Group V before .......... 5 59.1 14.1 89.3 2.1
Group V after 45.9 8.0 87.1 2.6
Phrenic paralysis ............ 8 50.0 20.0 82.5 5.0
Reexpanded artificial 11 60.5 19.2 89.5 4.3
pneumothorax.
Standing.
tBreathing reserve is the difference between ventilation in liters per minute and the
maximum breathing capacity, both measured supine, under basal metabolic conditions.
Changes in the maximum breathing capacity and in the ratio of the breathing
reserve to the maximum breathing capacity following thoracoplasty in fivegroups ofpatients.
See text for description of the groups. (Chart taken from Cournand an Rihards)
against thechancesthat afurther reduction inpulmonaryfunction in the
postoperative statemayreducethepatientto apermanentlyincapacitated
individual, dyspneic on the slightest exertion. Exceptions to this state-
ment may be made in patients who have in the preoperative state a
pneumothorax or a diaphragmatic paralysis, since with these conditions
pulmonary function is usually as good after thoracoplasty as it was
before or actually better."RESPIRATORY PHYSIOLOGY AND PULMONARY PATHOLOGY 153
Leiner33 has recently published studies of ventilatory changes after
four to eight-rib thoracoplastic collapse in 26 patients. He found im-
pairment of function tended to be less severe under this kind of
thoracoplasty than under pneumothorax, apparently due to a more
selective collapse under the thoracoplasty.
However ingenious some of these tests may seem, there still has
remained need for greater accuracy in evaluation of the amount of
functional loss to be expected from given degrees of collapse therapy.
The measurement of the ventilatory function in the individual right
and left lungs offers a more specific localization of the source of im-
paired function, and for this reason the technic of bronchospirometry
was brought into use.
Bronchospirometry: Bronchospirometry, the technic whereby the
spirometric tracings from the individual right and left lungs may be
obtained simultaneously, was developed largely by Jacobeus, Bjorkman,
and Frenckner.26 27 These authors first demonstrated the practicability
of such a test by devising a double-barreled instrument, as illustrated in
Fig. 4. Here the principles of the bronchoscope were combined with
- - those of a double-
barreled cannula,
and small inflatable
airseals atthe endof
each tube were used
to prevent any leak-
age of air from one
9~ ~~ side to the other.
Since then double-
barreled rubber
catheters introduced
byGebauer' andby
Zavod"3haveproved
to be equally effi-
cient and tobeless
'1 jlV ig 9>* * 11 uncomfortable to
id the patient. The
catheter is illus-
PIG. 4. The bronchospirometric cannula firsc used by Jacobacus, trated in Fig. 5. The
Frenckner, and Bjorkman. (Illustration taken from Jacobaeus, rubber catheters are
Frenckner, and BjbrkmannT).
introduced underYALE JOURNAL OF BIOLOGY AND MEDICINE
fluoroscopic guidance. After proper positioning
CaIflL \ n the balloon air-seals are inflated and the catheter
is attached to a double spirometer system. With
UtONCHIRLl\| ;ZL the use of bronchospirometry, lung volume de-
CH4IdEL oawua terminations and certain breathing capacities
may be determined for individual right and left
lungs, just as has been described for the whole
lung. The use of this technic has given the op-
portunity to compare x-ray impressions of the
functional capacity of a lung to that of its actual
capacity. Thefindingshave been quite surprising
at times. For instance, it has been found that an
obliterative pleuritis associated with adhesions
thatrestrictthemotionofthechestwall and dia-
phragm may give rise to an impairment in
ventilatory capacity far above what might be
expected from the minimal involvement ap-
parent on x-ray examination. Likewise the old
healed parenchymal lesions, with their apparent
relative clearing byx-ray, butwith their residual
INFLTED , emphysema and scarring, may give rise to
OEFLRITE ventilatory as well as respiratory inefficiency
out of proportion to what might be expected
on the basis of the x-ray appearance.27 42
The increase in functional efficiency that
may be associated with selective pneumothorax
...:.nL collapse therapy is illustrated by a case reported
Pf; .> by Pinner et al.42 Here before the beginning of
'" pneumothorax therapy the right lung was re-
FIG. 5. The Zavod broncho.
spirometric catheter. (Illustra- sponsible for 50 per cent of the vital capacity, tion taken from Zavod5"). 50 per cent ofthe tidal volume, and only 29 per
centof the 02-intake. Under artificial pneumothorax, on the other hand,
the right lung contributed only 33 per cent to the vital capacity, and
40 per cent to the tidal volume, but was responsible for 44 per cent of
the 02-uptake. This appears to represent an increase in efficiency of the
respiratory function rather than of the ventilatory function, but it is
brought aboutby arelatively greater collapse of the diseased lung tissue,
so that less of the inspired air is "wasted" by exposure to surfaces of low
respiratory.efficiency.
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Miscellaneous technics: In passing it may be of some interest to call
attention to some studies of ventilatory function of a different type.
Psychiatrists are finding that spirographic breathing patterns are differ-
ent in certain psychiatric disorders. Not only has it been found that
frequent sighs, marked lability ofventilatory mechanics, gross distortion
of breath contours, and inability to maintain an even expiratory pattern
are to be found in the neurotic,7 just as are signs of lability of the
cardiovascular and gastro-intestinal systems, but certain classifications
of psychiatric disorders have been found to have a high correlation with
certain breathing patterns. Thus, Finesinger" has reported that whereas
patients with hysteria and anxiety neuroses and reactive depressions
tended to react to unpleasant ideational stimuli with an excess of
respiratory lability, those patients with compulsion neuroses, hypo-
chondria, orschizophrenia were less reactive than was a control group.
Another study of the ventilatory function is that involving the
patterns of rate of flow of the inspired and expired air. This is measured
by recording the degree of deflection of a wire stretched across the air-
way. The deflection is recorded photographically and the resultant
"pneumatograms" have curves, the characteristics of which depend upon
the obstructive and other factors modifying the rate of flow. Asthmatics,
among others, have been found to have typical types of pneumato-
grams.47 What further uses will be found for this method are difficult
to foretell.
Itmaybeof interest, too, to note thatexpiratory pressures have been
reported byMorton38 tobeuseful indeterminingthedepthof anesthesia.
With a tidal volume of approximately 500 ml. the average expiratory
pressure was found to be 8 cm. of water. Anesthesia is said to decrease
this expiratory pressure inproportion to the amount that it decreases the
tone of the abdominal muscles.
Respiratoryfunction
Evaluation of the "respiratory" efficiency: The efficiency of gaseous
exchange between the lungs and the blood stream: An efficient respira-
tory function is one in which a large amount of oxygen is absorbed and
a large amount of carbon dioxide is given off per unit of air breathed.
Factors important in determining the efficiency of respiration will then
include the following: (1) the proportion of well ventilated and poorly
ventilated alveoli; (2) thenumber and size ofcapillaries in these alveoli
and the speed of blood flow through them; and (3) the gradient ofYALE JOURNAL OF BIOLOGY AND MEDICINE
pressure of respiratory gases across the alveolar wall and the physical
properties of the wall. Those measurements that will be pertinent, then,
will include the determination of the concentrations of the gases in the
alveolar air and the blood stream, the concentrations ofgases in different
partsofthelung, andtestsofthefunctionalcapacityofthecardiovascular
system.
Analysis of alveolar air: In 1905 Haldane and Priestly introduced a
method for the sampling of alveolar air. They employed a long tube
through which the subject exhaled. Toward the end of the exhalation a
sampleofthegaseswastakenfrom astopcock in theproximal endofthe
tube. Thus the dead space air was eliminated and a true alveolar sample
obtained. Itwas ratherdifficult to getconsistent results with this method
until a team had become well trained in the technic.
In 1934 Sonne42 designed an apparatus for obtaining multiple
successive samples of alveolar air from a single exhalation. With this
method he found a significant difference in the gaseous contents of
alveolarair,dependingupon thepartofthe lung from which the sample
came. His observations revealed that even in the normal lung there was
an unequal ventilation of alveoli in different parts of the lung. The
peripheral parts of the lung nearest the bellows-like action of the
diaphragm andexpandingchestwall were actually ventilated morefully
than were those alveoli near the relatively immobile hilar region. In-
termediate alveoli appeared to be subjected to a degree of ventilation
between these two extremes. These findings have been substantiated by
serial analyses of alveolar gases after mixing of the lung gases with a
known concentration of hydrogen.4" Again, evidence for unequal ven-
tilation of different parts was shown by differences in the hydrogen
concentration from different parts of the lung.
That this diminished ventilation which is to be found in the normal
lung is not incompatible with a high per cent of oxygen-saturation has
been pointed out47 and is evident from a study of the 02-saturation
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FIG. 6. Graphical presentation of the capacity of the blood for absorption of oxygen and carbon dioxide
at different pressures. (Redrawn from Sonnaei).
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curve of the blood (Fig. 6). Here it is noted that whereas an 02 pressure
of about 20 per cent atmosphere is required for maximal saturation, an
02 pressure of about 8 or 10 per cent results in a relatively small de-
crease in percent saturation. Atpressures below 8 per cent, however, the
per cent saturation falls off very rapidly. Thus a given lung may have a
good percentage of its alveoli aerated so poorly that the 02 pressures
therein are not over 10 per cent, and yet there may be an adequate
oxygenation of the blood stream. On the other hand, those pathological
conditions associated with an increasing difference in the degree of
aeration of different parts of the lung will tend to require a more vigor-
ous ventilation to maintain 02 pressures above the threshold of 8 to 10
per cent in the more poorly aerated areas if it is to maintain an adequate
02-saturation of the blood stream. By way of illustration, in an em-
physematous lung, the inelastic peripheral regions will have to be
stretched and dilated much more than in the normal lung before the
dilating pull which they relay to adjacent lobules will actually be
transmitted sufficiently to cause their proper dilatation and aeration.
Likewise, in lungs whose distensibility has been decreased by edema,
exudate, fibrosis, or by other such causes, a relatively greater aerating
force must be exerted on peripheral alveoli before it is transmitted to
those in more central regions.
Ventilatory equivalents: Since there is not a homogeneous distribu-
tion ofgases throughout the alveoli, and since this inequality tends to be
markedly increased in certain pathological conditions, analyses of
alveolar airprobably cannot be expected to give as consistently accurate
an index to the efficiency of respiration as do methods whereby the total
amounts of oxygen absorbed or of carbon dioxide given off over a
period of time are measured. Thus the use of the term "ventilatory
equivalents" has been found helpful. The ventilatory equivalent for
oxygen may be defined as the volume of air respired per 100 cc. of
oxygen taken up by the blood. A similar equivalent may be determined
for the amount of carbon dioxide given off. Normal values for the
oxygen ventilatory equivalent have been studied by Knipping and
Moncreif,30 Kaltreider and McCann,29 and by Hurtado and Boller.'
Kaltreider and McCann found an average of 2.4 liters with a range of
1.83 to 3.98 liters. This range overlapped the averages for pathological
cases with which they were compared; averages for the patients with
pulmonary fibrosis were 3.15, for the patients with pulmonary em-
physema 2.98, and heart disease 3.00. Hurtado and Boller likewise
found evidence of too wide a range of normal values for this test to beYALE JOURNAL OF BIOLOGY AND MEDICINE
ofmuch use. McMichael84 however, reported ventilatory equivalents for
both 02 and CO2 as observed in 76 normal individuals and found a
narrower range of normal. According to his figures the ventilatory
equivalent for 02 was 2.49 with a standard deviation of 0.40, while the
ventilatory equivalent for CO2 was 3.06 with a standard deviation of
0.44. It is important to note that the CO2 equivalent is less liable to
fortuitous changes than is that for oxygen. The reason for this is that, if
short periods of over-breathing occur, the oxygen absorption rate will
remainessentially unchanged and there will be an apparent rise in value
of the ventilatory equivalent. With CO2, on the other hand, the volume
of CO2 breathed off will increase in proportion to ventilation for short
periods of over-ventilation, and there will not be a resultant apparent
rise in the equivalent.
In 1941 Cournand and ixichards10 tabulated data on ventilatory
equivalents found in the literature, after transposing the figures
into what they believed was a more convenient form (ventilatory
100
equvalent= oxygen removed and, therefore, rateofoxygen removal =
vetiaor quvlet). Their table is presented in table 8. They ventilatory equivalent
emphasized the fact that there appeared to be greater accuracy when
oxygen removal was measured by gas analysis, rather than by a
spirometer, as shown in the lower coefficients of variation.
In 1942 Boyer and Bailey4 set out to make a more critical study of
ventilation equivalents based on a much larger number of determina-
tions than hadyetbeen made. To begin with they studied the correlation
of ventilation with surface area, oxygen consumption, heat production,
and carbon dioxide production in 500 subjects. The correlation coeffi-
cients were, respectively, + 0.579, + 0.890, + 0.903, and + 0.917.
The correlation with heat production and oxygen absorption was. thus
very good, but that with carbon dioxide production was still better.
Turning their attention to CO2, then, they reasoned that since
1 is actually just another way of expressing per cent CO2 in expired air
aventilatoryequivalent, and since theCO2 in expired air is small enough
that it may be disregarded, then for practical purposes the concentration
of expired and produced carbon dioxide have the same significance.
They then adopted a technic whereby the subject inhaled outside air
and exhaled into a 100-liter gasometer from which duplicate samples
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TABLE 8
OXYGEN CONSUMPTION AND CARBON DIOXIDE EIUMINATION PER LITER OF
VENTILATION AT REST. A REVIEW OF VALUES FOUND BY VARIOUS
AUTHORS IN NORMAL OR CONTROL SUBJECTS
Measurement
Authors Number of Method of o,, cc./lit. vent. CO, cc./lit. vent. subjects determination Coe of Coef. of
Mean variation Mean variation
cc. per cent cc. per cent
Knipping & Moncrieff 54 Spirometric 41.0 25t
tracings
Hurtado & Boller 15 Spirometric 37.5 27
tracings
Kaltreider & McCann 20 Gas analysis 41.7
McMichael 76 Gas analysis 44.01 16 36.0 14
Cournand & Richards 15 Gas analysis 46.8S 15 36.3S 16
* Values expressed as ventilatory equivalent for
Min. Vol. Ventil. X 100 100 Oxygen (or CO°,)= Min. Vol. Ventil. X O% Intake 02% Intake
t Approximate.
tApproximate (assuming room temperature to be 25'C., but calculated as dry gas at
0°C. and 760 mm. Hg).
S Calculated as dry gas at 00C. and 760 mm. Hg.
A compilation of values found in the literature for oxygen consumption and carbon
dioxide elimination per liter of ventilation at rest. (Taken from Cournand and Richards10).
were removed for gas analysis with a Henderson-Haldane apparatus.
Results were expressed in terms ofpartial pressures of CO2.
BoyerandBaileyfound themeanCO2 tension ofexpired air in 1613
males to be 20.01 mm. Hg with a standard deviation of 1.38 and a
coefficient of variation of 6.93. The corresponding figure for- 408
females was 20.33 mm. Hg with a standard deviation of- 1.45 and a
coefficient of variation of 7.13. There was a tendency for the CO2
tension to fall slightly with advancing age (e.g., the average for the
ageperiod of 60-64 years was 19.47 mm. Hg). It was concluded that a
range of 18.0 to 22.5 mm. might be expected to include practically all
normalsubjects. Thismethod was recommended because ofits simplicity
and accuracy.
Ornstein et al.4" have attempted to evaluate the permeability of the
alveolo-capillary wall by studying the rate of oxygen absorption and
carbon dioxide elimination after- a standard exercise. This was done by
having the subject, after finishing the given exercise, rebreathe for 20
seconds into a bag filled with room air, thereby bringing about a com-
plete mixing of the gases in lung and bag before the blood had time to
make more than one complete circulation. Analyses of the per cent
oxygen andcarbon dioxide in thebag atthe end of the test in 23 normalYALE JOURNAL OF BIOLOGY AND MEDICINE
males and 25 normal females gave the following results. For males the
mean percentage of 02 was 7.95 per cent with a standard deviation of
.851, and thatforCO2 was 8.09 percentwith a standard deviation of
.436. For females the average per cent of 02 was 8.30 volume per
cent with a standard deviation of ± .714 and that of CO2 was 7.70 with
a standard deviation of ± .497.
Another approach to this problem of permeability may be found
in the wQrk of Underwood and Diaz50 who have studied the gaseous
exchange between the circulatory system and lung by observing the
rate of elimination in expired air of a given amount of radon admin-
istered intravenously.
Bloodgas analysis: In normal individuals the blood remains at least
95 per cent saturated with oxygen whether at rest or after vigorous
exercise. The CO2 in volumes per cent may drop with exercise, but
there is little change in CO2 partial pressUre.
Pathologically, however, the 02-saturation of the blood may be de-
creased if there are changes in the physical properties of the alveolar
wallwhichtendtoslowdiffusionofgases (e.g., as inpulmonaryedema),
or if a considerable part of the blood flows through lobules of low 02
concentration because of poor ventilatory mechanics (e.g., as in tuber-
culosis andemphysema),orifthereisshuntingofblood awayfromwell-
areated lung tissue because of blood vascular pathology (e.g., in em-
physema). Christie8 has reported that in emphysema the arterial blood
may be only 70 to 80 per cent saturated, while impairment in the
elimination of CO2 associated with a compensatory rise in the bicar-
bonate reserve may give rise to a CO2 of 100 volumes per cent. The
absence of resting dyspnea under these conditions is explained by the
compensatory rise in the alkaline reserve. Any mild exercise with sudden
slight increase in CO2 is likely to cause dyspnea, however.
Measurements of the efficiency of response of respiration to the
extrvi demands of a standard exercise are also used. In one such test'
the blood 02 is determined at rest, immediately after exercise, and after
five minutes of recovery. In this test standards have been set up which
indicate that after four minutes of recovery the blood 02 has returned
toits,resting base line in thenormal. Deviations from this will indicate a
slowness in recovery from 02-debt and thereby reflect a certain in-
efficiency of the respiratory function.
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Respiratory andventilatoryfunction asaffected
by circulatory changes
We have thus far considered certain changes that may be found
in tests of ventilatory and respiratory function incident to certain types
of pulmonary pathology. Let us now consider what alterations may be
found in these tests in association with circulatory changes.
Thedyspnea ofcardiac failure provides one of the more obvious ex-
amples of the effect that circulatory changes may have on ventilatory
efficiency. Vital capacity figures reported on one case wherein tests had
been made before decompensation, during decompensation, and again
afterrecovery were 3400, 1800, and 3500 ml., respectively.'
The ventilatory changes to be observed in an orthopneic individual
after change from the sitting to the recumbent positions can be demon-
strated in a lesserdegreeinnormalpersons; thevital capacity is normally
found to be about 5 per cent less in the recumbent than in the sitting
position.9'20 This change in vital capacity can be prevented if tourni-
quets are placed around the extremities so as to prevent the sudden
increase in venous return coincident with the change in position. It is
interesting to note that Hamilton and Mayo"9 have reported similar
changes in vital capacity upon immersion of the body in water. Here,
too, the changes could be prevented in large measure by the use of
tourniquets about the extremities.
With the decrease in depth and increase in rate of breathing that is
associated with heart failure, it follows that the physiological dead
space will comprise a relatively greater amount of the decreased tidal
volume. Agreater volume of air musttherefore be ventilated to remove
a given amount of CO2. The CO2 content of expired air has been found
of some value, notonly in evaluation of the respiratory function (as we
have already noted), but also in evaluating the cause of hyperpnea in a
given individual. Thus, Boyer' has found the per cent CO2 of expired
air (1) remains approximately normal in hyperthyroidism (if the in-
creased volume of respiration is proportional to the increase in BMR),
(2) that it parallels metabolism in obesity, except that in extreme
obesity it may be slightly elevated, and that (3) it is low in the
hyperpnea associated with heart failure. Therefore, in a case of cardiac
decompensation complicated by hyperthyroidism or extreme obesity
the per centCO2 concentration in the expired air may help indicate how
much the hyperpnea is due to a decreased efficiency of pulmonary func-
tion secondary to cardiac failure.YALE JOURNAL OF BIOLOGY AND MEDICINE
A proper understanding of the relationship between respiratory and
cardiovascular changes requires a better knowledge of the dynamics of
the pulmonary circulation than we have had in the past. This knowl-
edge has been lacking because it has been difficult to approach the
pulmonary circulation for study, even in the research animal, without
alteringrespiratorymechanics, andstillmoredifficultto obtain pertinent
data on clinical patients. It has been difficult to obtain measurements of
even the pulmonary blood pressure. Direct pulmonary blood pressures
have occasionally been taken incidentally in the course of a pneu-
monectomy,6 and Westermark5" has introduced a method for determin-
ingsystolicpulmonarypressures fluoroscopically byuse of amodification
of the Valsalva technic. But it was not until recently with the introduc-
tion of a technic of catheterization of the right heart-a technic de-
veloped largely by Andre Cournand-that accurate observations could
readily be made.
This technic, as described by Cournand et al.,"4 involves the intro-
duction of a #8 or #9 ureteral catheter via the brachial vein into the
right heart or pulmonary artery with the aid of fluoroscopic guidance.
Through its use, (1) blood pressures in the pulmonary and systemic
circulations may be recorded simultaneously, (2) very accurate de-
terminations of cardiac output, computed on the basis of the Fick
principle, may be made using the ventricle as the source of mixed
venous blood, and (3) calculations based on pulsepressure curves allow
acomparison ofstroke volume changes between the two ventricles.
Using these methods it has been possible to study the sensitivity of
thepulmonary vessels to vaso-pressor drugs.9 Thus far they appear to be
relatively unresponsive and their degree of filling and, consequently,
their intravascular pressures appear to be a passive response largely
dependent upon the systemic venous return and the output of the
right heart.
By this technic Cournand has strikingly demonstrated how respira-
tory mechanics produce a very interesting effect upon stroke volume.
Thus, during forced inspiration with consequent increased negative
intrathoracic pressure, increased systemic venous return, and decreased
pulmonary venous return, there was an increased right ventricular out-
put and a decreased left ventricular output. On the other hand, during
forced expiration with consequent positive intrathoracic pressure, de-
creased systemic venous return, and increased pulmonary venous return,
there was decrease in the right ventricular output and an increase in
the left ventricular output.
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The catheterization technic is being found of value in studying
pulmonary hypertension associated with chronic lung disease, in the
diagnosis ofcongenital heartdisease, and is aparticularly promising tool
for research into the physiology of cardiopulmonary dynamics.
Conclusion
Review of tests of pulmonary volume and its subdivisions reveals
that relative values expressed in percentage of total volume have a
narrower range of normal and are more significant than absolute values.
On this basis a vital capacity less than 65 per cent of the total volume
or a residual capacity of more than 35 per cent is highly suggestive of
impaired alveolar ventilation. The range of normal for absolute values
for total capacity and vital capacity is narrowed significantly when based
on predictions of the "radiological chest volume." Variation in the total
capacity or vital capacity of 15 per cent from the predicted value may
be considered abnormal in the younger age groups, but this range in-
creases in the older age groups. This technic is of no additional help in
further delineating the normal range for residual volume figures.
These measurements of subdivisions of pulmonary capacity have a
certain diagnostic value in some conditions, but are of particular use
in serially evaluating the course of disease in a given patient.
The lung volume may show actual increase following lobectomy
(e.g., in bronchiectasis). On the other hand a decrease in lung volume
may be associated with a more efficient ventilatory exchange in certain
collapseprocedures.
For evaluation of dynamic ventilatory capacity various ways of ex-
pressing thebreathing requirement at rest, walking, or during a standard
exercise in terms of per cent of the maximum breathing capacity have
been found most helpful. The significance of this test arises from the
fact that mild dyspnea is discernable when the breathing requirement is
30 per cent of the maximum breathing capacity, and dyspnea is severe
when the breathing requirement is 50 per cent of the maximum breath-
ing capacity. Since breathing requirements remain constant for a given
state of health, the effect that collapse procedures have upon ventilatory
dynamics will depend directly on what change is brought about in the
maximum breathing capacity.
In the evaluation of the respiratory function, determination of the
alveolar air composition and its comparison with blood gas composition
is important. Certain pathological changes in lung structure may beYALE JOURNAL OF BIOLOGY AND MEDICINE
associated, however, with marked differences in composition of alveolar
air in different parts of the lung. Ventilatory equivalents have had little
to offer in the past because of the overlapping of the normal range
with that of obvious clinical disease. These determinations show in-
creasing accuracy if they are done on the basis of gas analysis, and the
CO2 equivalent is found less fortuitous than the 02 equivalent. A well-
defined range for the normal CO2 equivalent expressed in mm. of CO2
tension based on a significantly large number of observations is now
available.
The use of radioactive isotopes offers another approach to the study
of gaseous exchange across the alveolar wall, but little has yet been
published in this regard.
Cardiovascular changes that result in marked changes in venous
return or in cardiac decompensation have a direct effect on vital capacity
and residual capacity, and these capacities have been of use in following
the course of patients in heart failure. Detection of more subtle changes
may be possible by the combination of the tec-hnic of catheterization
of the right heart in conjunction with studies of ventilatory and respira-
tory exchange, but how useful they will be is yet to be determined.
Data based on a large number of thoracoplasties are available which
indicate the limits of decrease in maximum breathing capacity likely to
follow certain kinds of thoracoplasties, yet this depends largely on the
type of lesion in the given case and the dynamics in that portion of
lung to be collapsed. In some cases the maximum breathing capacity is
actually increased following a collapse procedure. Bronchospirometry is
of considerable use in evaluating individual lung function, particularly
the relative function where there is bilateral disease, and results there-
from often prove the radiographic impressions as to functional capacity
to be quite misleading.
In the past, tests of ventilatory and respiratory function have had
disappointingly little of practical value to offer the clinician in the
diagnostic and pre-operative evaluation of a given patient. In the last
few years, however, new improvements in method, simpler technics, and
better definition of normal base lines have gradually increased the
clinical value of these tests, so that now they have a very definite con-
tribution to make particularly in the differential diagnosis of dyspnea
and in the handling of subjects for collapse therapy.
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